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Nickel  oxides  on  carbon  nanotube  electrodes  (NiOx/CNT  electrodes)  are  prepared  by  depositing  Ni(OH)2 
electrochemically  onto  carbon  nanotube  (CNT)  film  substrates  with  subsequent  heating  to  300  °C.  Com¬ 
pared  with  the  as  deposited  Ni(OH)2  on  CNT  film  substrates  (Ni(OH)2/CNT  electrodes),  the  300  °C  heat 
treated  electrode  shows  much  high  rate  capability,  which  makes  it  suitable  as  an  electrode  in  supercapac¬ 
itor  applications.  X-ray  photoelectron  spectroscopy  shows  that  the  pseudocapacitance  of  the  NiOx/CNT 
electrodes  in  a  1  M  KOH  solution  originates  from  redox  reactions  of  NiOx/NiOxOH  and  Ni(OH)2/NiOOH.  The 
8.9  wt.%  NiOx  in  the  NiOx/CNT  electrode  shows  a  NiOx-normalized  specific  capacitance  of  1701  Fg-1  with 
excellent  high  rate  capability  due  to  the  3-dimensional  nanoporous  network  structure  with  an  extremely 
thin  NiOx  layer  on  the  CNT  film  substrate.  On  the  other  hand,  the  36.6  wt.%  NiOx/CNT  electrode  has  a  max¬ 
imum  geometric  and  volumetric  capacitance  of  127  mFcnrr2  and  254 Fee-1,  respectively,  with  a  specific 
capacitance  of  671  F  g-1 ,  which  is  much  lower  than  that  of  the  8.9%  NiOx  electrode.  This  decrease  in  specific 
capacitance  of  the  high  wt.%  NiOx/CNT  electrodes  can  be  attributed  to  the  dead  volume  of  the  oxides,  high 
equivalent  series  resistance  for  a  heavier  deposit,  and  the  ineffective  ionic  transportation  caused  by  the 
destruction  of  the  3-dimensional  network  structure.  Deconvolution  analysis  of  the  cyclic  voltammograms 
reveals  that  the  rate  capability  of  the  NiOx/CNT  electrodes  is  adversely  affected  by  the  redox  reaction  of 
Ni(OH)2,  while  the  adverse  effects  from  the  reaction  of  NiOx  is  insignificant. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  electrochemical  capacitors  (ECs)  have  attracted  con¬ 
siderable  attention  for  use  in  high  power  energy  storage  devices. 
Electrochemical  capacitors  have  potential  applications  including 
power  enhancement  and  primary  or  hybrid  power  sources  com¬ 
bined  with  batteries  and  fuel  cells  for  the  hybrid  electric  vehicle 
(HEV)  or  fuel  cell  electric  vehicle  (FCEV).  In  these  ECs,  the  energy 
stored  is  either  capacitive  or  pseudocapacitive  in  nature.  The  capac¬ 
itive  or  non-Faradaic  process  is  based  on  charge  separation  at  the 
electrode/solution  interface.  On  the  other  hand,  the  pseudocapac¬ 
itive  process  consists  of  Faradaic  redox  reactions  that  occur  within 
the  active  electrode  materials.  Carbon,  conducting  polymers  and 
transition  metal  oxides  are  the  most  widely  used  active  electrode 
materials  [1,2].  Hydrous  Ru02  exhibits  the  best  properties  among 
the  many  transition  metal  oxide  materials  investigated  as  pseu¬ 
docapacitor  (or  supercapacitor)  materials  thus  far.  An  amorphous 
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phase  of  Ru02xH20  formed  using  a  sol-gel  method  at  low  tem¬ 
peratures  shows  a  specific  capacitance  as  high  as  720 Fg-1  in  an 
acidic  electrolyte  [3].  However,  its  commercial  use  is  limited  by 
its  high  cost.  Therefore,  there  has  been  considerable  effort  on  the 
search  for  alternative  electrode  materials,  such  as  cobalt  oxide  [4], 
manganese  oxide  [5-9],  and  nickel  oxide  [10-17],  which  are  inex¬ 
pensive  and  show  similar  pseudocapacitive  behavior  to  hydrous 
Ru02. 

Nickel  oxide  is  considered  a  potential  electrode  material  for 
supercapacitors  in  alkaline  electrolytes  on  account  of  its  easy  syn¬ 
thesis  and  relatively  high  specific  capacitance  (mass-normalized 
capacitance,  F  g-1 ).  However,  nickel  oxide  has  the  significant  draw¬ 
back  of  a  small  operating  potential  window  (~0.5V).  This  can 
be  overcome  by  adapting  an  asymmetric  EC  configuration,  which 
employs  nickel  oxide  as  the  positive  electrode  and  another  material 
as  the  negative  electrode  [18-20].  Nickel  oxides  as  a  supercapaci¬ 
tor  electrode  material  can  be  prepared  using  a  variety  of  synthetic 
routes,  such  as  the  thermal  treatment  of  an  electrodeposited  or 
sol-gel  prepared  nickel  hydroxide  [10-14],  liquid  crystal  templat- 
ing  electrodeposition  [15],  simple  liquid-phase  process  [16],  and 
the  replication  of  a  mesoporous  silica  template  [17].  The  specific 
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capacitance  of  nickel  oxide  electrode  materials  ranges  from  50  to 
350  Fg-1  (from  a  single  electrode)  depending  on  the  method  of 
synthesis,  which  is  still  far  from  the  theoretical  value  of  2584  F  g-1 
within  0.5  V. 

A  literature  review  of  composite  electrodes  made  from  tran¬ 
sition  metal  oxides  and  carbonaceous  materials  [21-28]  showed 
that  metal  oxides  can  be  produced  with  a  high  specific  capacitance 
and  rate  capability.  This  is  particularly  so  when  a  small  amount  of 
metal  oxide  is  dispersed  uniformly  over  a  conducting  and  porous 
carbonaceous  material  with  a  very  high  surface  area  due  to  the 
increased  electrical  conductivity,  electrochemical  utilization  of  the 
metal  oxide  and  ionic  transport  throughout  the  internal  volume  of 
the  electrode.  Based  on  this  concept,  a  NiOx  coating  on  a  carbon 
nanotube  (CNT)  film  substrate  with  a  3-dimensionally  intercon¬ 
nected  network  structure  was  previously  synthesized  [23].  The 
NiOx-normalized  specific  capacitance  of  the  NiOx  coated  CNT  elec¬ 
trode  (i.e.,  NiOx/CNT  electrode)  was  reported  to  be  ~1000Fg-1, 
which  is  approximately  three  times  higher  than  the  ~350Fg-1 
obtained  for  the  NiOx  thin  film  electrode  [23].  This  high  specific 
capacitance  of  the  NiOx/CNT  electrode  was  attributed  to  the  con¬ 
struction  of  an  electrode  with  a  nanometer-thick  NiOx  layer  on  a 
CNT  film  substrate,  which  has  a  3-dimensional  network  structure. 

In  contrast  to  the  viewpoint  of  the  electrochemical  utilization 
of  nickel  oxides,  the  oxide  loading  in  the  electrode  should  also  be 
considered  for  practical  applications,  particularly  for  large  capaci¬ 
tor  applications,  such  as  power  sources  for  the  FIEV  or  FECV.  Hence, 
there  is  a  need  for  an  electrode  with  a  higher  volumetric  capac¬ 
itance  (volume-normalized  capacitance,  Fcnrr3)  and  geometric 
capacitance  (area-normalized  capacitance,  F cm-2),  which  are  gen¬ 
erally  proportional  to  the  loading  of  the  active  material,  with  little 
sacrifice  of  the  specific  capacitance.  In  the  case  of  the  NiOx/CNT 
nanocomposite  electrode,  it  is  believed  that  the  specific,  geometric 
and  volumetric  capacitances  will  be  affected  by  the  microstruc¬ 
ture  of  the  electrode,  which  is  closely  related  to  the  oxide  loading. 
Therefore,  this  study  examined  the  effects  of  the  NiOx  loading  on 
the  microstructure  and  corresponding  electrochemical  properties 
of  NiOx/CNT  electrodes,  i.e.  the  geometric,  volumetric  and  specific 
capacitance.  In  order  to  provide  a  clearer  understanding  of  the  elec¬ 
trochemical  properties  of  the  nanostructured  nickel  oxide  electrode 
for  potential  use  in  supercapacitors,  the  detailed  electrochemical 
redox  reaction  of  the  NiOx/CNT  electrode  in  a  1  M  KOH  solution 
was  also  examined  by  X-ray  photoelectron  spectroscopy  (XPS)  and 
deconvolution  analysis  of  the  cyclic  voltammograms  (CVs). 


2.  Experimental 

CNT  films  with  a  3-dimensional  nanoporous  network  structure 
were  deposited  onto  a  Pt  coated  Si  wafer  using  an  electrostatic 
spray  deposition  (ESD)  technique  [23,27-29].  A  CNT  film  coated 
Pt/Si  wafer  was  used  as  a  substrate  for  the  electrochemical  prepara¬ 
tion  of  nickel  oxide.  The  process  for  preparing  the  CNT  film  substrate 
is  described  elsewhere  [23,27-29].  The  multi-walled  carbon  nan¬ 
otubes  (MWNTs)  were  supplied  from  ILJIN  Nanotech  Co.,  Ltd.  The 
thickness  and  mass  of  the  CNT  film  used  as  the  substrate  were 
~5.0  |jim  and  ~0.35  mg  cm-2,  respectively.  The  nominal  area  of  the 
CNT  film  was  lxl  cm2.  The  CNT  film  was  pre-heated  to  300  °C  for 
1  h  to  remove  surface-adsorbed  species,  such  as  H20  and  hydrocar¬ 
bon. 

The  nickel  oxides  on  the  CNT  film  substrate  were  formed 
by  depositing  Ni(OH)2  through  galvanostatic  pulse  deposition 
followed  by  heat  treatment  in  air  at  300 °C  for  1  h.  A  pulsed  elec¬ 
trodeposition  method  was  used  to  obtain  uniform  Ni(OH)2  coatings 
on  the  nanoporous  CNT  film  substrate.  After  the  initial  applica¬ 
tion  of  -4  mA  cm-2  for  15  s,  a  pulse  current  with  an  amplitude 


Fig.  1.  XRD  patterns  of  the  CNT  film  substrate,  as-deposited  Ni(OH)2/CNT  electrode 
and  NiOx/CNT  electrode  heated  at  300  °C. 

of  -4  mA  cm-2  was  applied  for  various  cycles  to  control  the  mass 
of  the  deposit.  The  pulse-on  and  pulse-off  times  were  0.3  and 
2.1  s,  respectively.  The  optimal  heat  treatment  temperature  of  the 
nickel  oxide  thin  film  electrode  was  reported  to  be  300  °C.  A  pre¬ 
vious  X-ray  absorption  spectroscopy  study  reported  that  the  nickel 
oxides  heated  at  300  °C  are  non-stoichiometric  (NiOx)  [13].  An  as- 
deposited  Ni(OH)2  coated  on  the  CNT  film  substrate  (Ni(OH)2/CNT 
electrode)  was  also  prepared  for  comparison.  The  reported  weight 
of  the  nickel  oxide  is  the  difference  between  the  weight  of  the  bare 
substrate  before  nickel  oxide  deposition  and  that  of  the  nickel  oxide 
deposited  substrate  after  annealing,  which  was  measured  to  an 
accuracy  of  0.1  [xg  using  a  microbalance  (Sartorius  SC2,  Germany). 

The  crystal  structure  of  the  nickel  oxide/CNT  film  electrodes 
was  examined  by  glancing  angle  X-ray  diffraction.  The  patterns 
were  recorded  on  a  Rigaku  DMAX-2500  diffractometer  using  Cu 
Kai  radiation  with  a  glancing  incident  angle  of  1°.  The  surface 
morphology  of  the  NiOx  coated  on  the  CNT  film  was  examined 
by  field-emission  scanning  electron  microscopy  (SEM,  SIRION™, 
FEI  COMPANY).  X-ray  photoelectron  spectroscopy  (XPS)  was  car¬ 
ried  out  using  an  ESCALAB  220i-XL  (FISONS  instruments)  system 
with  a  Mg  Ka  source  (1253.6  eV).  The  data  was  referenced  to  the 
284.6 eV  peak  for  C  Is.  The  cyclic  voltammetry  experiments  were 
conducted  using  a  multichannel  potentiostat  (VMP2,  Princeton 
Applied  Research,  USA)  to  determine  the  electrochemical  prop¬ 
erties  of  the  NiOx/CNT  electrodes  in  a  1  M  KOH  solution.  Unless 
otherwise  noted,  all  cyclic  voltammograms  were  recorded  after  10 
conditioning  cycles  in  1  M  KOH  at  30  mV  s-1. 

3.  Results  and  discussion 

3.1.  Comparison  of  the  electrochemical  properties  of  the  bare  CNT 
film,  Ni(OH)2/CNT,  and  NiOx/CNT  electrodes 

Fig.  1  shows  the  XRD  patterns  of  the  CNT  film  substrate,  as- 
deposited  Ni(OH)2  coated  on  CNT  film  (i.e.,  Ni(OH)2/CNT  electrode) 
and  NiOx  coated  CNT  film  (i.e.,  NiOx/CNT  electrode),  which  was 
produced  by  heating  the  Ni(OH)2/CNT  films  to  300  °C  for  1  h.  The 
characteristic  graphitic  (0  0  2)  peak  of  the  MWNT  at  26°  was  clearly 
observed  on  the  CNT  film  substrate  [30].  The  XRD  pattern  of  the 
as-deposited  Ni(OH)2/CNT  electrode  corresponded  to  the  well- 
known  layered  a-Ni(OH)2  structure  with  a  characteristic  (001) 
peak  at  10.2°  along  with  a  relatively  weak  MWNT  peak  at  26°.  The 
characteristic  peaks  for  rock  salt  NiO  at  37°,  43°  and  63°  as  well 
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Fig.  2.  CVs  of  the  CNT  film  substrate,  as-deposited  Ni(OH)2/CNT  electrode  and 
NiOx/CNT  electrode.  The  CVs  were  measured  in  1  M  KOH  at  a  scan  rate  of  10  mV  s_1 . 
Inset:  enlarged  view  of  the  CVs  with  a  potential  window  of  0.0-0.2  V  vs.  SCE. 


as  the  MWNT  at  26°  were  observed  in  the  XRD  patterns  of  the 
NiOx/CNT  electrode  heated  at  300  °C.  This  confirmed  that  nickel 
oxide  with  a  rock  salt  structure  had  formed  on  the  CNT  film  sub¬ 
strate  after  heating  the  Ni(OH)2/CNT  electrode  to  300  °C,  which 
agrees  well  with  that  of  the  NiOx  thin  film  electrode  deposited  on 
a  Pt  foil  substrate  [12,13]. 

The  electrochemical  properties  of  the  CNT  film  substrate, 
Ni(OH)2/CNT  and  NiOx/CNT  electrodes  were  compared  by  perform¬ 
ing  cyclic  voltammetry  in  a  1  M  KOH  solution.  The  weight  fraction 
of  Ni(OH)2  and  NiOx  on  the  Ni(OH)2/CNT  and  NiOx/CNT  elec¬ 
trodes  were  ~18  and  20%,  respectively.  The  electrode  potential  was 
scanned  between  0.0  and  0.5  V  vs.  SCE  at  10  mV  s-1 .  Fig.  2  shows  the 
CVs  of  the  three  electrodes.  The  CV  of  the  as-deposited  Ni(OH)2/CNT 
electrode  showed  a  set  of  large  redox  peaks  corresponding  to  the 
nickel  oxidation/reduction  reaction.  This  can  be  as  the  reaction 
below,  which  involves  the  intercalation/deintercalation  of  protons. 

Ni(OH)2  +  OH”  ch|>ge  NiOOH  +  H20  +  e",  (1) 

discharge 

When  the  Ni(OH)2/CNT  electrode  was  heated  to  300  °C,  the  capac¬ 
ity  decreased  significantly  and  the  current-potential  responses 
were  symmetric  about  the  zero-current  axis.  However,  the  anodic 
current  responses  of  the  Ni(OH)2/CNT  electrode  between  0.0  and 
0.2  V  vs.  SCE  were  smaller  than  those  of  the  heated  NiOx/CNT 
electrode,  which  are  shown  in  the  inset  in  Fig.  2.  Although  the 
cathodic  current-potential  responses  of  the  Ni(OH)2/CNT  electrode 
were  complicated  by  the  redox  reaction  (1),  the  current-potential 
responses  of  the  NiOx/CNT  electrode  between  0.0  and  0.2  V  vs.  SCE 
appeared  to  be  more  reversible  than  those  of  the  Ni(OH)2/CNT 
electrode.  Similar  results  were  also  observed  in  a  previous  study 
on  a  Ni(OH)2  and  NiOx  thin  film  electrode  on  a  Pt  foil  substrate 
[23  ].  Compared  with  the  Ni(OH)2/CNT  and  NiOx/CNT  electrodes,  the 
bare  CNT  film  electrode  showed  a  relatively  small  current  response 
originating  from  double  layer  charging/discharging  on  the  CNT  sur¬ 
face.  The  capacitive  current  of  the  NiOx/CNT  electrode  between  0.0 
and  0.2  V  vs.  SCE  (shown  in  the  inset  of  Fig.  2)  were  much  larger 
than  those  of  the  bare  CNT  electrode,  even  though  the  mass  of  the 
CNT  in  both  electrodes  was  similar,  ~0.36mgcm-2.  Therefore,  the 
enhanced  capacitive  current  of  NiOx/CNT  electrode  was  attributed 
to  the  Faradaic  pseudocapacitance  of  the  NiOx  coating  on  the  CNT 
film  substrate. 


Due  to  the  existence  of  a  set  of  redox  peaks,  the  voltammetric 
current  responses  of  the  NiOx/CNT  electrode  in  Fig.  2  showed  dif¬ 
ferent  CV  features  to  those  of  the  NiOx  thin  film  electrodes,  which 
had  been  deposited  on  metal  foil  or  low  surface  area  graphite  sub¬ 
strates  and  showed  featureless  and  capacitive  current  responses 
in  the  CVs  [23].  The  anodic  and  cathodic  redox  peaks  appear  at 
~0.33  and  0.19  V  vs.  SCE  in  the  CV,  respectively.  The  origin  of  these 
redox  peaks  was  examined  by  XPS  and  will  be  discussed  in  the 
next  section.  Capacitive  current  responses  were  observed  on  the 
anodic  sweep  between  0.0  and  0.3  V  vs.  SCE  and  the  cathodic  sweep 
between  0.25  and  0.5  V  vs.  SCE.  The  capacitive  currents  of  NiOx  were 
previously  attributed  to  the  surface  redox  reaction  of  the  nickel 
oxides  as  follows:  [10,11] 

NiOx+yOH-  chIse  NiOx(OH)y+ye-  (2) 

discharge 

A  good  high  rate  capability  is  an  important  property  of  an  elec¬ 
trode  used  in  supercapacitors  for  high  power  applications.  The  rate 
capability  of  the  Ni(OH)2/CNT  and  NiOx/CNT  electrodes  was  exam¬ 
ined  using  cyclic  voltammetry  in  a  1  M  KOH  solution  at  various 
scan  rates.  Fig.  3(a)  and  (b)  shows  the  CVs  of  the  Ni(OH)2/CNT  and 
NiOx/CNT  electrodes  at  scan  rates  ranging  from  10  to  100  mV  s-1, 
respectively.  In  the  case  of  the  Ni(OH)2/CNT  electrode,  the  redox 
peaks  were  no  longer  visible  in  the  CVs,  and  the  shape  of  the  CVs 
was  seriously  distorted  at  scan  rates  >30mVs-1,  indicating  resis¬ 
tive  behavior.  The  diffusion  process  of  the  protons  in  the  hydroxide 
layer  is  the  rate  determining  step  of  the  Ni(OH)2 /NiOOH  redox  reac¬ 
tion.  Although  there  are  rich  CNT  channels  in  the  Ni(OH)2/CNT 
electrode  that  are  electronically  conducting,  the  rate  capability  can 
be  problematic  if  the  proton  is  unable  to  participate  in  the  redox 
reaction  over  the  whole  hydroxide  layer  for  a  given  time  corre¬ 
sponding  to  the  potential  scan  rate.  Moreover,  even  though  the 
electrical  conductivity  of  the  nickel  hydroxide  electrode  increases 
with  the  state  of  charge,  the  insulating  nature  of  the  Ni(  OH  )2,  which 
has  an  extremely  low  conductivity  in  the  order  of  10-17  S  cm-1 ,  can 
also  adversely  effect  the  rate  capability  of  Ni(OH)2/CNT  electrodes 
[31  ].  On  the  other  hand,  the  CVs  of  the  NiOx/CNT  electrode  shown 
in  Fig.  3(b)  are  highly  reversible  regardless  of  the  potential  scan 
rates.  The  shape  of  the  CVs  of  the  NiOx/CNT  electrode  was  main¬ 
tained  with  increasing  scan  rate,  even  though  there  was  a  set  of 
redox  reaction  peaks  showing  the  high  kinetic  reversibility  of  the 
NiOx/CNT  electrode.  More  detailed  analysis  of  the  capacitive  cur¬ 
rents  of  NiOx  as  well  as  the  cathodic  and  anodic  redox  peaks  in  the 
NiOx/CNT  electrode  will  be  discussed  in  the  Section  3.3. 

Fig.  3(c)  shows  a  plot  of  the  normalized  capacity  vs.  the  scan  rate 
of  the  Ni(OH)2/CNT  and  NiOx/CNT  electrodes  to  give  a  clear  com¬ 
parison  of  the  rate  capability  of  both  electrodes.  First,  the  specific 
capacitance  of  the  electrodes  was  determined  by  calculating  the 
whole  cathodic  charge  in  the  CVs  shown  in  Fig.  3,  and  then  divid¬ 
ing  this  charge  by  the  potential  window  of  0.5  V  and  the  mass  of 
the  oxides  deposited.  The  normalized  capacitance  at  each  scan  rate 
was  obtained  by  dividing  the  specific  capacitance  of  the  electrodes 
at  each  potential  scan  rate  by  the  specific  capacitance  measured 
at  10mVs-1.  There  was  a  93  and  12%  decrease  in  the  normalized 
capacity  of  the  Ni(OH)2/CNT  and  NiOx/CNT  electrodes  with  increas¬ 
ing  scan  rate  from  10  to  100  mV  s-1,  respectively.  This  highlights 
the  potential  applications  of  the  NiOx/CNT  electrode  in  high-power 
supercapacitors. 

3.2.  XPS  study  on  the  origin  of  redox  peaks  in  the  CV  of  the 
NiOx/CNT  electrode 

It  was  reported  that  similar  redox  peaks  observed  in  the  CVs 
of  the  NiOx/CNT  electrode  are  often  observed  in  the  CVs  of  pseu- 
docapacitive  nickel  oxides,  particularly  for  oxides  with  a  high 
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Fig.  3.  CVs  of  (a)  as-deposited  Ni(OH)2/CNT  electrode  and  (b)  NiOx/CNT  electrode  at  various  scan  rates  between  10  to  100  mV  s-1 .  (c)  Comparison  of  the  normalized  charges 
of  the  as-deposited  Ni(OH)2/CNT  and  NiOx/CNT  electrodes  at  various  scan  rates  between  10  and  100  mV  s-1. 


surface/bulk  ratio,  such  as  thin  film  electrodes  [11],  mesoporous 
nickel/nickel  oxide  [15],  nanocrystalline  NiO  [16],  and  ordered 
mesoporous  NiO  [17].  Although  a  few  papers  have  mentioned  these 
redox  peaks,  their  origin  is  unclear  [11,23].  Therefore,  XPS  was  used 
to  examine  the  origin  of  the  anodic  and  cathodic  peaks  appearing  in 
the  CV  of  the  NiOx/CNT  electrode  heated  to  300  °C.  The  as-prepared 
NiOx/CNT  electrode  and  NiOx/CNT  electrode  after  500  CV  cycles  at 
30  mV  s_1  in  1  M  KOH  were  examined  by  XPS.  The  intensity  of  these 
redox  peaks  increased  slightly  with  CV  cycling  in  the  potential  win¬ 
dow  of  0.0-0. 5  V  vs.  SCE.  Therefore,  extensive  CV  cycling  (e.g.,  500 
cycles)  was  carried  out  to  facilitate  the  redox  reaction,  and  enhance 
the  sensitivity  of  the  corresponding  chemical  shift  in  the  XP  spectra. 
Fig.  4(a)  shows  the  CVs  of  the  NiOx/CNT  electrode  measured  for  500 
cycles.  Interestingly,  the  intensity  of  each  redox  peak  increased  with 
increasing  number  of  cycles,  and  the  capacitive  currents  remained 
relatively  unchanged.  A  detailed  examination  into  the  mechanism 
for  the  increase  in  the  redox  peak  currents  of  nickel  oxide  electrodes 
during  cycling  using  electrochemical  quartz  crystal  microbalance 
(EQCM)  measurements  is  currently  underway. 

Fig.  4(b)-(e)  shows  the  curve-fitted  Ni  2p3/2  and  O  Is  XP  spec¬ 
tra  of  the  as-prepared  NiOx/CNT  electrode  and  cycled  NiOx/CNT 
electrode.  The  typical  satellite  features  marked  as  “S”  in  Fig.  4(b) 
and  (d)  were  observed  at  the  ~7  eV  high  binding  energy  side  of 
the  Ni  2p3/2  lines,  which  are  associated  with  octahedral,  high  spin 


Ni2+  in  the  NiOx  structure  [32].  Table  1  lists  the  binding  energy  (Ni 
2p3/2  and  Ols  region)  and  relevant  atomic  ratios  obtained  from 
the  NiOx/CNT  electrodes  before  and  after  CV  cycling  from  a  decon¬ 
volution  of  the  XP  spectrum.  As  shown  in  Fig.  4(b)  and  Table  1, 
curve  fitting  of  the  Ni  2p3/2  XP  signal  for  the  as-prepared  NiOx/CNT 
electrode  showed  different  nickel  species  with  binding  energies 
of  853.7,  855.3,  and  857.1  eV,  which  were  assigned  to  NiO  (Ni2+), 
Ni(OFQ2  (Ni2+ )  and  Ni203  (Ni3+),  respectively  [33  ].  The  relative  com¬ 
position  of  NiO,  Ni(OFQ2  and  Ni203  in  the  as-deposited  NiOx/CNT 
electrode  were  59.9,  35.4  and  4.7%,  respectively,  which  shows  NiO 
to  be  the  main  component  of  the  as-deposited  NiOx/CNT  electrode. 
The  contribution  from  Ni(OH)2  observed  in  the  XP  spectra  of  the 
as-deposited  NiOx/CNT  electrode  is  probably  due  to  the  hydration 
of  the  nickel  oxide  surface  due  to  air  exposure.  In  addition,  the 


Table  1 

XPS  results  of  the  as-deposited  and  cycled  NiOx/CNT  electrodes 


Ni  2p3/2 

1 

2  3 

Ols 

1 

2 

As-deposited 

Binding  energy  (eV) 

853.7 

855.3  857.1 

529.1 

530.8 

NiOx/CNT 

Relative  ratio  (%) 

59.9 

35.4  4.7 

37.2 

62.8 

500  cycled 

Binding  energy  (eV) 

853.8 

855.6 

529.4 

531.2 

NiOx/CNT 

Relative  ratio  (%) 

24.5 

75.5 

14.5 

85.5 
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Binding  Energy  (  eV ) 

Fig.  4.  (a)  CVs  of  the  NiOx/CNT  electrode  during  500  cycles;  X-ray  photoelectron  spectra  of  (b)  Ni  2p3/2  and  (c)  0  Is  regions  for  the  as-prepared  NiOx/CNT  electrode,  and  (d) 
Ni  2p3/2  and  (e)  0  Is  regions  for  the  cycled  NiOx/CNT  electrode.  S:  satellite  peak;  solid  circle:  observed  peaks;  red  line:  fitted  peaks. 


presence  of  a  minor  Ni3+  component  as  Ni203  also  supports  the 
non-stoichiometric  nature  of  NiOx  with  a  cation  deficiency.  Due  to 
its  non-stoichiometry,  NiOx  (p-type  semiconductor)  has  a  certain 
level  of  conductivity  depending  on  the  cation  vacancy  level,  which 
is  in  contrast  to  the  insulating  character  of  stoichiometric  NiO  [34]. 
For  example,  NiOx  films  prepared  by  RF  magnetron  sputtering  at 
a  substrate  temperature  of  300  °C  in  pure  oxygen  sputtering  gas 
were  reported  to  have  a  resistivity  of  0.22  £2  cm  (i.e.  a  conductivity 
of  4.54  S  cm-1 )  [34].  After  cycling  the  NiOx/CNT  electrode  for  500  CV 
cycles,  the  Ni  2p3/2  XP  spectra  shown  in  Fig.  4(d)  can  be  fitted  with 
only  two  species  corresponding  to  NiO  and  Ni(OH)2.  Furthermore, 
the  relative  ratio  of  Ni(OFI)2  increased  significantly,  which  indicates 
NiO  and  Ni(OH)2  to  be  the  main  components  of  the  cycled  NiOx/CNT 
electrode.  Fig.  4(c)  and  (e)  show  the  relevant  Ols  signals  for  the 


as-prepared  and  cycled  NiOx/CNT  electrodes,  respectively.  The  XP 
spectra  show  two  different  peaks  at  529.1  and  530.8  eV.  The  first 
contribution  at  ~530eV  was  attributed  to  O2-  species  from  NiO. 
The  component  at  ~531  eV  was  assigned  to  some  FI20  surface  con¬ 
tamination  but  also  to  the  possible  presence  of  OH-  species  from 
Ni(OH)2  or  Ni203  [33].  In  accordance  with  the  Ni  2p3/2  XP  spectra, 
there  was  a  higher  contribution  from  Ni(OFI)2  after  CV  cycling  with 
a  concomitant  decrease  in  the  relative  contribution  from  NiO. 

XPS  revealed  that  Ni(OFI)2  had  formed  on  the  NiOx/CNT  elec¬ 
trode  after  CV  cycling  in  1  M  KOH.  The  O/Ni  ratios  of  the  as-prepared 
and  cycled  NiOx/CNT  electrodes,  which  were  calculated  from  the 
Ni  2p3/2  and  O  IS  peak  areas  and  sensitivity  factors,  were  1.06 
and  1.45,  respectively.  The  increased  O/Ni  ratio  after  CV  cycling  in 
1  M  KOH  also  supports  the  formation  of  Ni(OH)2  species.  Therefore, 
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Fig.  5.  Top  view  SEM  images  of  (a)  bare  CNT  film  substrate  and  NiOx/CNT  electrodes  with  (b)  8.9wt.%,  (c)  11.4  wt.%,  (d)  20.2  wt.%,  (e)  36.6  wt.%,  and  (f)  45.8  wt.%  of  NiOx. 
Magnification  of  all  SEM  images  was  100,000x  except  for  the  image  (f)  for  the  45.8  wt.%  of  NiOx/CNT  electrode,  which  was  taken  at  5000x. 


the  redox  peaks  appearing  in  the  CVs  of  the  NiOx/CNT  electrodes 
were  attributed  to  the  redox  reaction  of  Ni(OH)2/NiOOH,  as  shown 
in  reaction  (1).  This  result  is  also  supported  by  recent  reports  on 
electrochromic  nickel  oxides  prepared  by  pulsed  layer  deposition, 
which  showed  that  the  most  stable  Ni(II)-based  solid  phase  should 
be  Ni(OH)2  not  NiO  [35,36].  Although  the  Ni(OH)2/NiOOH  redox 
reaction  is  a  bulk  redox  reaction,  it  can  be  applied  to  superca¬ 
pacitors  if  it  has  rapid  reaction  kinetics.  For  example,  Nelson  et 
al.,  reported  liquid-crystal-templated  mesoporous  nickel  electrode 
for  supercapacitors  using  1-2  nm  thick  Ni(OH)2  layers  on  the  sur¬ 
face  of  mesoporous  nickel  [15].  They  claimed  that  a  mesoporous 
nickel  electrode  could  retain  both  high  energy  and  power  density 
due  to  the  facile  electron  and  electrolyte  transport  as  well  as  the 
extremely  small  proton  diffusion  path  in  the  ordered  mesoporous 
structure.  Therefore,  further  studies  on  the  use  and  control  of  the 
Ni(OH)2/NiOOH  redox  reaction  in  nanostructured  NiOx  electrodes 
will  be  needed  to  improve  the  energy  and  power  density  of  nickel 
based  oxide  materials  for  supercapacitors. 


3.3.  Effect  ofNiOx  loading  amount  on  the  electrochemical 
properties  of  the  NiOx/CNT  electrodes 

The  effect  of  wt.%  of  NiOx  in  the  NiOx/CNT  electrode  on  the 
microstructure  and  electrochemical  properties  was  investigated. 
Fig.  5  shows  SEM  images  of  the  bare  CNT  film  substrate  and 
NiOx/CNT  electrodes  with  various  wt.%  NiOx.  All  SEM  images  were 
obtained  at  100,000  x  magnification  except  for  that  of  the  NiOx/CNT 
electrode  containing  45.8  wt.%  of  NiOx  (Fig.  5(f)),  which  was  taken 
at  5000 x  magnification.  Fig.  5(a)  shows  that  the  bare  CNT  film  sub¬ 
strate  consists  of  individual  nanotubes  (20-40  nm  in  diameter)  that 
are  entangled  to  form  a  uniform  web  with  a  3-dimensional  network 
structure.  The  SEM  images  of  the  NiOx/CNT  electrodes  with  up  to 
20.2  wt.%  NiOx  showed  that  a  thin  NiOx  film  had  been  deposited  on 
the  surface  of  the  individual  nanotubes,  thereby  maintaining  the 
3-dimensional  nanoporous  structure  with  its  pores  unblocked  by 
NiOx  deposits.  A  previous  HR-TEM  study  on  NiOx/CNT  electrodes 
with  a  mass  fraction  of  ~20wt.%  showed  that  the  nickel  oxides 
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had  nucleated  heterogeneously  through  electrochemical  deposi¬ 
tion  and  were  deposited  on  the  individual  CNTs  [23].  Fig.  5(b)-(d) 
shows  a  gradual  decrease  in  porosity  with  increasing  wt.%  NiOx.  It 
is  expected  that  the  3-dimensional  network  structure  of  NiOx/CNT 
electrodes  with  <20.2  wt.%  NiOx  would  allow  the  electrolyte  good 
access  throughout  the  entire  thickness  of  the  electrode,  a  good 
electrical  conduction  path  through  the  nanotube  network,  and 
an  increased  oxide/solution  interfacial  area.  On  the  other  hand, 
pore  clogging  becomes  problematic  with  further  increases  in  the 
amount  of  NiOx  deposited.  At  36.6  wt.%  and  45.8  wt.%  NiOx,  oxide 
deposits  cover  the  entire  CNT  film  substrate  and  begin  to  form 
on  the  upper  surface  of  the  NiOx/CNT  electrodes.  (Fig.  5(e)  and 
(f))  In  particular,  in  the  case  of  the  45.8  wt.%  NiOx/CNT  electrode 
(Fig.  5(f)),  the  nickel  oxides  were  deposited  not  only  on  the  indi¬ 
vidual  nanotubes  but  also  on  the  top  outer  part  of  the  CNT  film 
surface  forming  an  island  structure.  The  formation  of  the  island 
structure  in  the  45.8  wt.%  NiOx/CNT  electrode  is  probably  due  to 
shrinkage  and  cracking  of  the  thick  Ni(OFI)2  layers  deposited  on 
the  outer  part  of  the  NiOx/CNT  electrode  during  heating  because 
the  phase  transformation  from  Ni(OFI)2  to  NiOx  during  heating  at 
300  °C  is  accompanied  by  ~30%  weight  loss  caused  by  the  removal 
of  absorbed  and  structural  water  [12].  On  the  other  hand,  the  island 
structure  was  not  observed  in  the  36.6  wt.%  NiOx/CNT  electrode 
because  there  was  no  thick  Ni(OFQ2  deposits  on  the  outer  sur¬ 
face  of  the  36.6  wt.%  NiOx/CNT  electrode.  The  microstructure  of 


Fig.  6.  Cross-sectional  SEM  images  of  (a)  bare  CNT  film  substrate  and  (b)  36.6  wt.% 
NiOx/CNT  electrode.  Magnification:  50,000x. 


Fig.  7.  CVs  of  the  NiOx/CNT  electrodes  with  various  wt.%  of  NiOx.  The  CVs  were 
measured  in  1  M  KOH  at  a  scan  rate  of  30  mV  s-1 . 


the  36.6  wt.%  NiOx/CNT  electrode  was  examined  in  more  detail  by 
comparing  its  cross-section  SEM  image  with  that  of  the  bare  CNT 
electrode.  Fig.  6(a)  and  (b)  shows  the  cross-section  SEM  images 
of  the  bare  CNT  and  36.6  wt.%  NiOx/CNT  electrodes,  respectively. 
The  cross-section  SEM  image  of  the  bare  CNT  electrode  shows 
a  3-dimensional  network  structure  with  interconnected  pores  in 
accordance  with  the  plan  view  image  shown  in  Fig.  5(a).  In  con¬ 
trast,  Fig.  6(b)  shows  that  a  large  part  of  the  36.6  wt.%  NiOx/CNT 
electrode  consists  of  agglomerates  of  NiOx  deposits,  which  block 
the  interconnected  pores,  while  the  small  part  remaining  main¬ 
tains  the  3-dimensional  network  structure.  Although  the  plan  view 
SEM  image  of  the  36.6  wt.%  NiOx/CNT  electrode  suggests  significant 
pore  clogging,  the  3-dimensional  network  structure  is  still  present 
to  some  extent. 

Cyclic  voltammetry  was  used  to  determine  the  electrochemi¬ 
cal  properties  the  NiOx/CNT  electrodes  as  a  function  of  the  wt.% 
of  NiOx.  Fig.  7  shows  the  CVs  of  the  NiOx/CNT  electrodes  with  dif¬ 
ferent  wt.%  NiOx  measured  at  30mVs-1.  All  CVs  show  capacitive 
current  responses  that  overlap  with  the  redox  peaks  correspond¬ 
ing  to  reaction  (1 ).  This  suggests  that  the  electrochemically  formed 
Ni(OFQ2  does  not  completely  cover  the  NiOx  surface.  It  was  assumed 
that  Ni(OFI)2  forms  as  nano-particles  or  nano-domains  on  the 
NiOx  surface,  thereby  exhibiting  both  electrochemical  redox  reac¬ 
tions  of  NiOx  and  Ni(OH)2,  as  indicated  in  reactions  (1)  and  (2). 
It  was  reported  that  anodic  capacitive  currents  between  0.00  and 
0.25  V  vs.  SCE  increased  with  increasing  NiOx  concentration  up  to 
36.6  wt.%,  and  decreased  slightly  at  45.8  wt.%  NiOx.  In  contrast,  the 
anodic  and  cathodic  redox  peak  features  were  somewhat  compli¬ 
cated,  and  showed  a  non-monotonic  trend  with  respect  to  the  NiOx 
loading. 

The  complicated  electrochemical  properties  of  the  NiOx/CNT 
electrodes  showing  current  responses  from  the  NiOx  phase  as  well 
as  the  Ni(OFI)2  phase  were  examined  by  deconvolution  analysis  of 
the  CVs.  As  shown  in  Fig.  8,  the  total  charge  of  the  electrode  was 
deconvoluted  into  charges  from  NiOx  (i.e.,  QNiox)  and  Ni(OH)2  (i.e., 
QNi(0H)2  )•  Only  the  cathodic  currents  were  used  for  deconvolution 
analysis  in  order  to  exclude  the  contribution  of  oxygen  evolution 
currents  at  potentials  >~0.45  V  vs.  SCE ,  which  are  prominent  at  low 
scan  rates,  such  as  10mVs-1.  From  the  calculated  QNi(OH)2  value, 
the  mass  of  Ni(OFI)2  formed  in  the  electrode  was  determined  from 
Faraday’s  law  assuming  100%  electrochemical  utilization  of  Ni(OFI)2 
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Fig.  8.  Schematic  diagram  of  the  deconvolution  analysis  of  the  CV  of  the  NiOx/CNT 
electrode. 


as  follows: 

QNi(OH)2  x  M 

m  = — -  3) 

F 

where  m  is  the  mass  of  Ni(OH)2,  QNi(OH)2  *s  the  charge  obtained 
from  the  cathodic  peak  area  in  the  CVs,  M  is  the  molecular  weight 
of  Ni(OH)2,  and  F is  Faraday’s  constant. 

Fig.  9  shows  the  weight  ratio  of  the  Ni(OFI)2  calculated  from 
Eq.  (3),  with  respect  to  the  weight  of  NiOx  in  the  NiOx/CNT  elec¬ 
trodes.  Generally,  the  weight  ratios  of  Ni(OFI)2  tends  to  decrease 
with  increasing  wt.%  NiOx.  It  should  be  noted  that  the  8.9  and 
11.4  wt.%  NiOx/CNT  electrodes  contained  42  and  35  wt.%  Ni(OH)2, 
respectively.  This  indicates  a  significant  contribution  from  the 
Ni(OFI)2/NiOOFI  redox  reaction  to  charge  storage  of  the  NiOx/CNT 
electrodes  with  a  small  metal  oxide  loading.  The  increase  in  NiOx 
loading  up  to  36.6  wt.%  results  in  a  decrease  in  the  Ni(OFI)2  phase 
concentration  in  the  electrodes.  With  further  increases  in  the  wt.% 
of  NiOx  to  45.8,  there  was  a  large  decrease  in  the  weight  ratio  of 
the  Ni(OH)2  phase  and  only  4  wt.%  Ni(OFI)2  was  observed  in  the 
electrode.  The  SEM  images  shown  in  Figs.  5  and  6  indicate  that 
the  surface  to  bulk  ratio  of  the  NiOx/CNT  electrodes  decreases  with 
increasing  wt.%  NiOx.  Therefore,  the  formation  of  Ni(OH)2  in  the 
nickel  oxides  is  closely  related  to  the  high  oxide/solution  interfacial 


Fig.  9.  Weight  ratios  of  the  Ni(OH)2  formed  with  respect  to  the  wt.%  of  NiOx  in  the 
NiOx/CNT  electrodes. 


Fig.  10.  Total  specific  capacitance  (CSp.tot))  and  specific  capacitance  of  NiOx 
(CSp_Niox )  f°r  t^e  NiOx/CNT  electrodes  with  various  wt.%  of  NiOx. 

area.  This  is  supported  by  the  fact  that  redox  peaks  were  observed  in 
the  CVs  of  the  nickel  oxides  with  a  high  surface/bulk  ratio  [11,15-17]. 
The  significant  decrease  in  the  weight  ratio  of  the  Ni(OH)2  phase  for 
the  45.8  wt.%  NiOx/CNT  electrode  indicates  a  significant  decrease  in 
the  oxide/solution  interfacial  area  due  to  complete  pore  clogging 
and  deposition  on  top  of  the  CNT  film  surface,  as  observed  in  the 
SEM  image  shown  in  Fig.  5(f). 

Fig.  10  shows  the  specific  capacitance  of  the  NiOx/CNT  elec¬ 
trodes,  which  was  calculated  from  the  cathodic  charges  of  the  CVs 
at  30mVs-1,  as  a  function  of  the  wt.%  NiOx.  The  total  specific 
capacitance  (CSp_tot)  of  the  NiOx/CNT  electrodes  was  determined 
by  calculating  all  the  cathodic  charges  in  the  CVs,  and  dividing 
the  result  by  the  potential  window  of  0.5  V  and  the  mass  of  the 
deposited  nickel  oxide.  It  should  be  noted  that  the  mass  of  the 
CNT  was  not  considered  when  calculating  the  specific  capacitance. 
The  specific  capacitance  contribution  from  the  NiOx  phase  CSp _Ni0x, 
specific  capacitance  of  NiOx)  was  also  calculated  from  QNiox  after 
excluding  the  charge  and  mass  associated  with  Ni(OH)2.  Fig.  10 
shows  that  both  CSp_tot  and  CSp_Niox  decrease  gradually  in  a  simi¬ 
lar  manner  to  the  increase  in  NiOx  wt.%.  The  NiOx/CNT  electrode 
with  8.9  wt.%  NiOx  showed  the  highest  CSp  Ni0x  value  of  1702  Fg-1 
(for  a  single  electrode).  On  the  other  hand,  the  45.8  wt.%  NiOx/CNT 
electrode  showed  the  lowest  CSp  Ni0x  value  of  361  Fg-1.  It  should 
be  noted  that  the  CSp  Ni0x  of  1702  Fg-1  for  the  8.9  wt.%  NiOx/CNT 
electrode  is  the  highest  value  reported  for  nickel  oxide  electrodes  in 
supercapacitors  thus  far.  The  capacitance  of  the  8.9  wt.%  NiOx/CNT 
electrode  would  be  reach  1850  F  g-1  if  the  total  specific  capacitance, 
Q>p_tot>  is  considered.  Since  the  charge  storage  reaction  of  NiOx  is 
only  confined  to  the  oxide  surface,  a  high  specific  capacitance  of 
NiOx  can  be  achieved  by  maximizing  the  electrochemical  utiliza¬ 
tion  by  coating  an  extremely  thin  NiOx  layer  onto  a  3-dimensional 
nanoporous  CNT  substrate.  In  contrast,  the  decrease  in  the  spe¬ 
cific  capacitance  of  NiOx  in  the  NiOx/CNT  electrode  with  the  high 
NiOx  wt.%  is  probably  due  to  the  increase  in  the  dead  volume  of 
the  oxides,  which  increase  the  ESR  for  a  heavier  deposit  due  to 
the  semiconductivity  of  NiOx.  The  decrease  in  the  specific  capac¬ 
itance  of  high  wt.%  NiOx/CNT  electrodes  can  also  be  caused  by  the 
ineffective  supply  of  ionic  species  to  the  oxide  surface  due  to  the 
reduced  pore  size  and  pore  clogging.  This  can  be  expected  from  the 
microstructure  of  the  NiOx/CNT  electrodes,  as  shown  in  Fig.  5. 

A  relative  comparison  of  the  surface  active  sites  of  NiOx/CNT 
electrodes  could  be  obtained,  even  though  the  real  surface  area  of 
the  NiOx/CNT  electrodes  was  not  measured.  The  ratio  of  the  mea¬ 
sured  charge  to  the  total  theoretical  charge  of  NiO  is  related  to  the 
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Fig.  11.  Total  geometric  capacitance  (CGe_tot)  and  geometric  capacitance  of  NiOx 
(CGe_Niox ))  for  the  NiOx/CNT  electrodes  at  various  wt.%  of  NiOx. 

fraction  of  nickel  sites,  z,  involved  in  the  Faradaic  reaction,  which 
can  be  estimated  from  the  specific  capacitance  of  the  oxide  film 
using  following  equation: 

_  Csp-NiOx  X  AV 

F/M  (  * 

where  AV  is  the  potential  window  (0.5  V  in  this  study),  M  is  the 
molar  weight  of  NiO  (74.7  g mol-1 ),  F  is  the  Faraday  constant,  and 
CSp  Niox  is  the  specific  capacitance  of  NiOx.  For  example,  the  z  value 
corresponds  to  1.0  when  all  the  nickel  sites  in  NiO  are  involved  in 
the  Faradaic  reaction  of  nickel  oxide.  The  calculation  using  Eq.  (4) 
gave  z  values  of  0.66,  0.53,  0.33, 0.26  and  0.14  at  8.9, 11.4,  20.2, 36.6 
and  45.8  NiOx  wt.%,  respectively.  This  means  that  66,  53, 33, 26  and 
14%  of  the  nickel  sites  participate  in  the  electrochemical  reaction 
of  NiOx  electrodes.  The  highest  z  value  of  0.66  is  ~6  times  higher 
than  that  reported  for  NiOx  thin  films  coated  on  a  Pt  foil  substrate 
[  12,13  ],  which  indicates  the  enhanced  electrochemical  utilization  of 
the  NiOx/CNT  electrode.  The  6-fold  enhancement  in  electrochemi¬ 
cal  utilization  was  attributed  to  the  unique  3-dimensional  network 
structure  of  the  NiOx/CNT  electrode. 

For  practical  applications,  the  geometric  or  volumetric  capac¬ 
itance  should  also  be  considered.  Since  the  volume  of  the  CNT 
film  substrates  was  similar  at  ~5  x  10-4  cm3  ( 1  cm  x  1  cm  x  ~5  p,m) 
regardless  of  the  NiOx  wt.%,  the  volume  of  the  NiOx/CNT  electrodes 
was  ~5  x  10_4cm3  with  the  exception  of  the  46.6  wt.%  NiOx/CNT 
electrode,  where  the  thick  nickel  oxides  were  deposited  over  the 
upper  surface  of  the  CNT  film  substrates.  Therefore,  the  volumet¬ 
ric  capacitance  will  be  maximized  by  maximizing  the  geometric 
capacitance  of  the  NiOx/CNT  electrodes.  Fig.  11  shows  the  geomet¬ 
ric  capacitance  of  the  NiOx/CNT  electrodes  as  a  function  of  the 
NiOx  loading.  The  total  geometric  capacitance  (CGe_tot)  and  geo¬ 
metric  capacitance  from  the  NiOx  phase  (CGe  Ni0x)  were  calculated 
by  multiplying  CSp_tot  and  CSp  Ni0x  by  the  total  mass  of  the  elec¬ 
trode  and  the  mass  of  NiOx,  respectively.  The  difference  between 
CGe.tot  and  CGe  Ni0x  is  due  to  the  contribution  of  Ni(OH)2.  CGe  Ni0x 
increases  gradually  with  increasing  NiOx  loading  up  to  36.6  wt.%, 
showing  a  maximum  of  127  mF  cm-2,  and  decreases  thereafter.  The 
corresponding  volumetric  capacitance  of  the  36.6  wt.%  NiOx/CNT 
electrode  was  calculated  to  be  254  F  cc-1 ,  which  is  ~6  times  higher 
than  that  of  typical  activated  carbon  electrodes  used  as  electrodes 
for  EDLC  [37].  If  the  total  geometric  capacitance,  CGe_tot,  is  con¬ 
sidered,  the  volumetric  capacitance  of  the  36.6  wt.%  NiOx/CNT 
electrode  was  increased  to  320  F  cc-1 .  The  high  volumetric  capaci¬ 


tance  of  the  NiOx/CNT  electrode  compared  with  that  of  the  activated 
carbon  electrodes  shows  that  a  nanocomposite  of  metal  oxides 
and  carbon  materials  is  a  promising  strategy  for  improving  the 
volumetric  capacitance  of  carbon  based  electrode  materials  for 
electrochemical  capacitors.  It  should  be  noted  that  the  increase  in 
NiOx  layer  thickness  on  CNTs,  which  is  proportional  to  the  NiOx 
wt.%  in  the  electrode,  have  both  a  positive  and  negative  effect  on 
the  effective  surface  area  (non-normalized  by  the  mass  of  NiOx). 
An  increase  in  the  oxide/CNT  diameter  as  a  result  of  the  oxide  coat¬ 
ing  will  cause  an  increase  in  real  surface  area.  On  the  other  hand,  a 
further  increase  in  the  oxide  coating  layer  and  their  contact  would 
result  in  pore  clogging  in  the  CNT  web,  which  will  decrease  the  real 
surface  area.  These  two  effects  compete  with  increasing  wt.%  NiOx 
in  the  NiOx/CNT  electrodes.  In  this  study,  the  optimal  real  surface 
area  was  obtained  with  the  36.6  wt.%  NiOx/CNT  electrode,  which 
had  the  highest  geometric  and  volumetric  capacitance. 

The  rate  capability  of  the  NiOx/CNT  electrodes  was  determined 
by  measuring  the  normalized  capacitance  of  the  various  NiOx  wt.% 
in  the  electrodes  with  respect  to  the  scan  rate  (Fig.  12(a)).  The 
normalized  capacitance  at  each  scan  rate  was  obtained  by  divid¬ 
ing  the  CSp_tot  of  the  NiOx/CNT  electrodes  at  each  potential  scan 
rate  by  the  specific  capacitance  measured  at  10mVs-1.  Generally, 
the  normalized  capacitance  decreases  with  increasing  scan  rate. 
As  shown  in  Fig.  12(a),  the  decrease  in  the  specific  capacitance  of 
the  NiOx/CNT  electrodes  from  10  to  100  mV  s-1  at  the  NiOx  wt.% 
of  8.9,  11.4,  20.2,  36.6  and  45.8  was  3.8,  6.3,  13.6,  16.9  and  25.6%, 
respectively.  This  indicates  that  the  rate  capability  is  inversely  pro¬ 
portional  to  the  NiOx  wt.%  in  the  NiOx/CNT  electrodes.  This  means 
that  a  thinner  NiOx  layer  on  the  NiOx/CNT  electrodes  is  more  favor¬ 
able  for  maintaining  a  high  rate  capability.  It  should  be  noted  that 
the  8.9  and  11.4  wt.%  NiOx/CNT  electrodes  showed  excellent  rate 
capability,  even  though  they  contained  >35%  Ni(OH)2  for  which  the 
electrochemical  reaction  is  diffusion  controlled.  The  SEM  images 
of  the  8.9  and  11.4  wt.%  NiOx/CNT  electrodes  shown  in  Fig.  5(b) 
and  (c)  suggest  that  the  individual  CNTs  were  coated  with  nickel 
oxides,  a  few  nm  in  thickness  to  form  a  3-dimensional  network 
structure.  In  addition,  the  Ni(OFI)2  phase  formed  on  the  electrode 
is  considered  to  be  a  nano-particle  or  nano-domain  in  an  ultrathin 
semiconductive  NiOx  matrix.  Therefore,  the  rapid  reaction  kinetics 
of  the  Ni(OH)2/NiOOFI  redox  reaction  is  probably  due  to  the  unique 
electrode  structure  of  these  NiOx/CNT  electrodes,  particularly  with 
a  low  oxide  loading  (e.g.,  8.9  and  11.4  wt.%).  This  would  result  in  a 
lower  diffusion  path  and  ESR  of  the  electrode  as  well  as  facile  ionic 
transport.  In  contrast,  an  increase  in  the  NiOx  coating  thickness  on 
the  CNT  film  substrate,  which  is  proportional  to  the  NiOx  loading, 
would  result  in  an  increase  in  the  ESR  of  the  electrode  and  an  insuf¬ 
ficient  supply  of  ionic  species  due  to  the  reduced  pore  size  and  pore 
clogging,  thereby  causing  poor  rate  capability. 

The  individual  contributions  of  the  redox  reactions  from  NiOx 
and  Ni(OH)2  on  the  rate  capability  were  examined  by  normaliz¬ 
ing  QNiox  and  QNi(0H)2  with  respect  to  the  scan  rate  at  various  NiOx 
wt.%,  as  shown  in  Fig.  12(b)  and  (c).  The  normalized  charge  was 
obtained  by  dividing  the  charges  at  various  scan  rates  by  the  charge 
at  10mVs-1.  It  should  be  noted  that  the  normalized  charges  of 
QNiox  for  the  8.9  and  11.4  wt.%  NiOx/CNT  electrodes  were  >100% 
at  100  mV  s-1 .  This  was  attributed  to  errors  in  estimating  the  inte¬ 
gration  area  of  the  cathodic  peak  in  the  CV  during  deconvolution 
analysis.  It  should  be  noted  that  the  NiOx  redox  reaction  shows 
higher  rate  capability  than  that  of  the  Ni(OFI)2  in  the  NiOx/CNT 
electrode  regardless  of  the  wt.%  of  the  NiOx  in  the  as-prepared 
NiOx/CNT  electrodes.  For  example,  the  normalized  charge  of  NiOx 
and  Ni(OH)2  in  the  20  wt.%  NiOx/CNT  electrode  decreases  by  5  and 
40%,  respectively  when  the  potential  scan  rate  is  changed  from  10  to 
100  mV  s-1 .  The  excellent  rate  capability  of  the  NiOx/CNT  electrode 
might  be  due  to  the  surface  redox  reaction  and  p-type  conduc- 
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Fig.  12.  (a)  Normalized  total  specific  capacitance  of  the  NiOx/CNT  electrodes  with  various  wt.%  of  NiOx  at  scan  rates  from  10  to  lOOmVs-1.  Normalized  charge  of  (a)  NiOx 
(QNiox )  and  Ni(OH)2  (QNi(0H)2 )  phases  of  the  NiOx/CNT  electrodes  with  various  wt.%  of  NiOx  at  scan  rates  from  10  to  100  mV  s-1 . 


tivity  of  the  NiOx  in  addition  to  the  fact  that  the  NiOx  phase  is 
mainly  in  contact  with  the  electrolyte  due  to  the  3-dimensional 
solid-pore  network  structure  of  the  20  wt.%  NiOx/CNT  electrode. 
On  the  other  hand,  the  insulating  nature  and  solid-state  proton  dif¬ 
fusion  reaction  kinetics  of  Ni(OH)2  would  adversely  effect  the  rate 
capability  of  the  Ni(OH)2  in  the  NiOx/CNT  electrode.  It  is  believed 
that  the  rate  capability  of  the  NiOx/CNT  electrodes  is  affected  more 
by  the  Ni(OH)2  redox  reaction,  which  shows  a  relatively  poor  rate 
capability,  than  that  of  the  NiOx  redox  reaction. 

A  comparison  of  the  rate  capability  of  the  Ni(OH)2/CNT  elec¬ 
trode  in  Fig.  3(a)  showed  that  the  Ni(OH)2  in  the  NiOx/CNT  electrode 
has  better  rate  capability.  As  shown  in  Fig.  3(c)  and  Fig.  12(c),  the 
normalized  capacitance  of  the  Ni(OH)2 /CNT  electrode  with  20  wt.% 
of  nickel  hydroxide  decreases  by  90%  at  100  mV  s-1  whereas  the 
normalized  charge  of  Ni(OH)2  in  the  20  wt.%  NiOx/CNT  electrode 
decreased  by  40%  at  lOOmVs-1.  The  superior  rate  capability  of 
the  Ni(OFI)2  in  the  NiOx/CNT  electrode  compared  with  that  of  the 
Ni(OFI)2/CNT  electrode  was  attributed  to  the  formation  of  Ni(OFI)2 
nano-particles  or  nano-domains  surrounded  by  a  semiconducting 
NiOx  matrix,  a  few  nm  in  thickness,  on  the  CNTs.  It  should  be  noted 
that  the  rate  capability  of  the  Ni(OFI)2  in  the  NiOx/CNT  electrode 
is  strongly  dependent  on  the  wt.%  of  NiOx  in  the  NiOx/CNT  elec¬ 
trode,  as  shown  in  Fig.  12(c).  An  increase  in  the  wt.%  of  NiOx  in  the 
NiOx/CNT  electrode  decreased  the  rate  capability  of  the  Ni(OFI)2. 
In  the  NiOx/CNT  electrode  with  45.8  wt.%  NiOx  there  was  a  70% 


decrease  in  the  normalized  charge  of  Ni(OH)2,  even  at  50mVs-1. 
This  is  probably  due  to  the  formation  of  a  thicker  nickel  oxide  layer 
over  CNTs,  which  leads  to  severe  pore-clogging  in  the  NiOx/CNT 
electrodes  with  increasing  wt.%  NiOx. 


4.  Conclusions 

NiOx/CNT  electrodes  with  various  wt.%  of  NiOx  were  prepared  by 
the  electrochemical  deposition  of  Ni(OH)2  onto  CNT  film  substrates 
followed  by  heating  to  300  °C  for  1  h.  The  detailed  electrochemical 
redox  reaction  of  the  NiOx/CNT  electrode  in  a  1  M  KOFI  solution  was 
examined  by  XPS  and  deconvolution  analysis  of  the  CVs.  A  com¬ 
parison  of  the  electrochemical  properties  with  the  as-deposited 
Ni(OH)2/CNT  electrode  showed  that  the  NiOx/CNT  electrode  with 
300  °C  heat  treatment  has  high  rate  capability  making  it  suit¬ 
able  as  an  electrode  material  for  supercapacitors.  XPS  showed 
that  the  pseudocapacitance  of  the  NiOx/CNT  electrodes  originated 
from  both  NiOx/NiOxOFI  and  Ni(OFQ2/NiOOFI  redox  reactions.  It 
was  observed  that  the  specific  capacitance  decreased  with  increas¬ 
ing  wt.%  of  NiOx,  starting  at  8.9%  of  NiOx,  whereas  the  geometric 
and  volumetric  capacitances  increased  with  increasing  wt.%  of 
NiOx.  For  example,  the  8.9  wt.%  NiOx/CNT  electrode  showed  a 
NiOx-normalized  specific  capacitance  of  1701  Fg-1  with  excellent 
high  rate  capability.  The  excellent  capacitive  behavior  of  the  low 
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wt.%  NiOx/CNT  electrodes  was  attributed  to  the  construction  of  a 
3-dimensional  nanoporous  network  structure  with  an  extremely 
thin  NiOx  layer  on  the  CNT  film  substrate.  On  the  other  hand,  the 
maximum  geometric  and  volumetric  capacitances  of  127  mFcrrr2 
and  254 Fee-1  were  achieved  with  the  36.6 wt.%  NiOx  electrode, 
which  had  a  lower  specific  capacitance  of  671  Fg_1.  This  decrease 
in  specific  capacitance  of  the  high  wt.%  NiOx/CNT  electrodes  is 
believed  to  be  due  to  the  higher  dead  volume  of  oxides,  the  high 
ESR  for  heavier  deposits,  and  ineffective  ionic  transportation  due 
to  the  destruction  of  the  3-dimensional  network  structure,  which 
is  the  result  of  the  reduced  pore  size  and  pore  clogging.  Decon¬ 
volution  analysis  of  the  cyclic  voltammograms  revealed  that  the 
rate  capability  of  the  NiOx/CNT  electrodes  is  adversely  affected  by 
the  redox  reaction  of  Ni(OFI)2,  while  there  are  no  significant  unde¬ 
sirable  effects  from  the  reaction  of  NiOx.  Flowever,  in  view  of  the 
excellent  rate  capability  of  NiOx/CNT  electrodes  with  a  low  wt.% 
of  NiOx,  which  contained  a  significant  amount  of  Ni(OFI)2,  it  is 
believed  that  the  deleterious  effects  on  the  rate  capability  caused 
by  Ni(OFQ2  can  be  reduced  and  the  higher  specific  capacitance  of 
Ni(OH)2  can  be  utilized  if  the  same  three  dimensional  nanostruc¬ 
ture  can  be  achieved.  Therefore,  the  Ni(OFI)2/NiOOH  redox  reaction 
can  be  used  to  improve  the  energy  and  power  density  when  nano- 
structured  electrodes  are  constructed,  particularly  for  NiOx  based 
electrodes  in  supercapacitor  applications. 
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